Abstract. The vibration energy harvester has become a hot spot because it can supply energy to device without battery. Four types of vibration energy harvesters with different operation modes are introduced in low frequency and high power aspects. They are electromagnetic, magnetostrictive, electrostatic and piezoelectric vibration energy harvester. Their developments are illustrated in detail. Meanwhile, the advantages and disadvantages of the four different structures are compared, and the performances are summarized. Among them, piezoelectric vibration energy harvester was studied the earliest. So, it has better performance and can be used widely.
Introduction
With the development of modern wireless sensor networks, many traditional energy sources have been replaced by micro-energy sources. Vibration energy harvesters are widely used in micro-energy. They can collect different kinds of vibration energies in daily life and turn them into electrical energy. Vibration energy harvester can work without battery and the collected energy will be transmitted to the load circuit. It has long life without be replaced frequently, so the vibration energy harvester is more reliable [1] . In General, the use of energy harvester needs more power output to drive a high load. However, vibrations are always in the low frequency range in the environment [2] , so we need to use different methods to lower the resonant frequency of the device and get more output power.
Low Frequency High Power Vibration Energy Harvester
Studies showed that when the vibration frequency is close to the natural frequency, resonance will occur. Then the output power can get maximum value. The harvester adds proof mass, allowing the natural frequency of the system to decline.
Low Frequency High Power Electromagnetic Vibration Energy Harvester
Electromagnetic vibration energy harvester is composed of permanent magnets and coils. When vibration occurs, the relative motion cutting the magnetic induction lines will be appeared between coil and permanent magnet. By Faraday's law, the magnetic flux in the closed coil changes, and the coil will generate the induced electromotive force, so it can supply energy for the load circuit.
Farid Ullah Khan [3] brought forward a vibration-based electromagnetic type energy harvester for bridge monitoring sensor application, as illustrated in Fig.1 . The developed harvester is subjected to forward frequency sweep at different levels of base acceleration. Single planar and wound coil of the prototype generated an open circuit voltage of 15.7mV and 11.05mV respectively at 3g and at resonant frequency of 27Hz.
When excited at first resonant frequency and 3g base acceleration a load power of 1.8μW and 2.1μW is obtained from a single planar and wound coil respectively under matching impedance conditions. 
Low Frequency High Power Magnetostrictive Vibration Energy Harvester
Magnetostrictive vibration energy harvester applies the interaction between magnetostrictive material and magnetic field. When this material is deformed under force, the magnetic field around it will be changed, this phenomenon is called Villari effect. In this effect, when the coil spiral around the magnetostrictive material, it will induce electromotive force by Faraday theorem. Conversely, magnetostriction has the Wiedemann effect, when the magnetic field around the material is changed, the material will be deformed. Using piezoelectric material sandwiched between two magnetostrictive materials, in Wiedemann effect, it can also produce induction electric potential due to the pressure electric effect.
WenYumei [4] researched a composite magnetoelectric transducer, as illustrated in Fig.2 . Experiments showed that when the frequency and acceleration was in 33Hz and 0.5g respectively, peak output voltage was 45.1V, output power was 112.1 μW and output power density was 0.56 mW/cm 3 . Increasing the number of the transducers, output power of the system could be further improved, and it could be used for most chip-level power devices currently. 
Low Frequency High Power Electrostatic Vibration Energy Harvester
Electrostatic energy harvesters in general are made up of three parts. They contain independent voltage source, parallel electrode plates and connected wires. Vibration will make the space change between the electrode plates, then the capacitor will charge and discharge.
M Renaud researched an electrostatic energy harvester for wavy electret [5] , as illustrated in Fig.3 . This structure was stacked by the three wafers. The central wafer contained a resonator that was made up of a proof mass and the silicon springs. The bottom side of the proof mass was a corrugated electret, which gained by charging of a SiO2/Si3N4 stack. The bottom wafer was composed of glass and supported two metallic electrodes which are connected to a load circuit. The top glass wafer was used to protect the device. Experiment results showed that when the vibration frequency and the load resistance was in the 728HZ and 100KΩ respectively, the maximum current would be 7.7uA. When the load resistance and the vibration acceleration was in the 5MΩ and 2.9g respectively, the maximum output power was 160uW, the maximum output voltage was 42V.
Low Frequency High Power Piezoelectric Vibration Energy Harvester
Piezoelectric energy harvester applies piezoelectric effect of piezoelectric materials to produce electricity. The piezoelectric effect is divided into positive and negative effect. Positive piezoelectric effect means that the mechanical energy can transform into electric energy, on the contrary, negative piezoelectric effect is the electrical energy transform into mechanical energy. The basic structure of the piezoelectric energy harvester consists of three parts: a pedestal, a cantilever beam and proof mass. Pedestal is fixed and cantilever beam mounted on the pedestal. Then proof mass is fixed on the cantilever. Vibration makes proof mass move up and down and the deformation will appear in piezoelectric cantilever beam. The result is that charge is induced in the piezoelectric material. Piezoelectric energy harvester has many advantages such as simple structure, high output voltage and high output power density.
The following structure was designed by Chundong Xu, et al [6] , as showed in Fig 4. The vibration energy harvester CANDLE constituted by cantilever beam and cymbal transducers basing on high performance piezoelectric single crystal PMNT. Experiment results show that CANDLE using PMNT single crystal material can lower resonance frequency and increase output power dramatically. Under the acceleration excitation of 3.2g, the device with 4.2 g proof mass can generate a peak voltage of 38V and a maximum power of 3.7mW at 102Hz with a matching load resistance of 251 kΩ. 
The Comparison of Four Vibration Energy Harvesters
In Table 1 , we compare the performance of four energy conversion structure from resonant frequency and power output. The comparison of Table 2 , we found that each energy conversion method has its advantages and disadvantages. In general, we should consider the specific work environment in practical problems and utilize the advantages of each structure that may serve us better.
Conclusion
Vibration energy harvester work without battery. It can collect virbration energy for the load circuit and it has long life without be replaced frequently. So, the vibration energy harvester is becoming a hot topic. This paper mainly introduces four kinds of energy conversion mechanisms and focuses on the performance under low frequency and high power. We found that, increasing proof mass can lower the resonant frequency of the device. Then we can combine single planar and wound coil, increase the number of the transducers and use PMNT single crystal material, et al to increase the output power.
